The Rayleigh-Taylor instability (RTI) of the inner surface of an inertial confinement fusion shell is studied through high-resolution two-dimensional numerical simulations. The instability is seeded by a mass displacement introduced in the simulations at the end of the implosion coasting stage. Analysis of single-mode, small-amplitude perturbations confirms that ablation caused by electron conduction and fusion alpha-particles causes significant growth reduction of all modes and stabilization of high-l modes. Different measures of the instability are discussed and compared with modified Takabelike expressions. Large-amplitude multi-mode simulations are performed to study the effects of RTI on ignition and burn. RTI perturbations reduce the size of the central hot spot and delay ignition. For a few different perturbation spectra the dependence of fusion yield on the initial perturbation root mean square amplitude is studied.
Introduction
In the standard inertial confinement fusion (ICF) scheme [1] , ignition is triggered by a hot spot created hydrodynamically at the centre of an imploded fuel shell. Formation of the hot spot requires substantial implosion symmetry and is in particular hindered by the Rayleigh-Taylor instability (RTI) developing during the stage of final deceleration of the imploding fuel (see, e.g. [2] [3] [4] and references therein). This so-called deceleration-phase (dp) RTI occurs because the dense fuel shell is decelerated by the pressure exerted by the hot but less dense inner gas.
Although the crucial role of the dp-RTI has been known for a long time, and even highly sophisticated three-dimensional simulations have been performed, many aspects still require investigation. Their detailed understanding is important to set fusion capsule specifications reliably.
In this context it is worth noting that only recently has it been pointed out that the dp-RTI can be stabilized by ablation caused by energy transport from the hot spot to the cold fuel. Lobatchev and Betti [5] have found that their two-dimensional simulation results are indeed well reproduced by the same linear dispersion relation commonly used (see, e.g. [2, 4] and references therein) for a laser-or radiation-driven ablation front instability, namely
which generalizes earlier expressions of Bodner [6] and Takabe et al [7] and is known as the modified Takabe expression. In equation (1), γ is the linear growth rate of the instability, k is the wave number, g is the acceleration, L m is the minimum value of the density scalelength L = ρ/∇ρ at the ablation front, u a is the ablation velocity, and α and β are numerical coefficients depending on the flow parameters [8] . In spherical geometry, k = l/R, where l is the spherical mode number and R is the (time-dependent) radius of the unstable interface.
In igniting targets one has α = 0.9-0.95 and β = 1.2-1.5. A subsequent study by two of the present authors [9] has confirmed stabilization and also provided information on the structure and evolution of the unstable modes. It has shown that measuring the growth rate of the dp-RTI of an igniting target is non-trivial. In particular, one has to understand the role of the different potentially stabilizing mechanisms and of the transient nature of the unperturbed flow.
The interest in the dp-RTI has also led to improvements to the classical Bell-Plesset [10] treatment of the instability of an imploding cavity, now allowing for the inclusion of fluid compressibility [11] . For practical application to ICF, the results are consistent with the use of equation (1) . Furthermore, very recently the first measurements of dp-RTI growth have been reported [12] .
Concerning the nonlinear evolution of a realistic multi-mode spectrum of perturbation, one can find in the literature global results of sophisticated simulations, e.g. discussing what is the tolerable level of non-uniformity for a certain target [2, 3, [13] [14] [15] . However, there is still a lack of results on such practical aspects as comparison between simulations and commonly used models (see, e.g. [16] , section VI of [3] , and section 8.8 of [4] ), and there is also a need for discussion of basic features such as mode coupling and competition in a decelerating shell environment.
The above considerations prompted us to start a systematic investigation of the dp-RTI, including both linear and nonlinear evolution. In this paper we summarize the main results on the linear stage, and present the first results of multi-mode nonlinear simulations. A detailed presentation of the linear results is in preparation, at present, while the nonlinear studies still deserve analysis and improved simulations.
Problem set-up
Our study refers to a capsule with parameters very close to those of the reference point design for the National Ignition Facility (NIF) [2] . Target parameters and a one-dimensional flow chart are shown in figure 1 , which is the result of a one-dimensional radiation hydrodynamic simulation performed with the SARA code [17] . The capsule is driven by a time-shaped pulse of thermal radiation of duration 17 ns and with a peak temperature of 310 eV. For our RTI study we have taken as initial conditions (time t = 0) the one-dimensional SARA output at time τ = 17.02 ns. We have mapped the one-dimensional profiles onto the two-dimensional, r-z cylindrical mesh of the code DUED [18] , which is used for the study of the dp-RTI during the stages of deceleration, hot spot formation, ignition, and burn of the capsule. The code model employed in this work is that of a two-temperature single-fluid plasma, with flux-limited conductivities, electron-ion relaxation, DT fusion reactions, and single-group diffusion of fast fusion products (alpha-particles) energy. Bremsstrahlung radiation loss from the hot spot is also included. Matter properties are taken into account by a real matter equation of state. Fluid conservation equations are solved on a quadrilateral zone mesh. A discrete, conservative, and second-order accurate automatic re-zoning scheme is used to allow the code to deal with sheared flows [19] .
Study of short-wavelength RTI modes in the presence of ablative flow (see the hot front penetrating through the compressed shell in the flow chart of figure 2) requires fine zoning in both radial and azimuthal directions. An example of an initial DUED mesh is shown in figure 3 . Meshes much finer than this one have been used to study modes with l up to 200, and to check the accuracy of our results. Perturbations are introduced at time t = 0 in the form of radial displacement of the Lagrangian surfaces (see figure 3(b) ). In most cases we have seeded perturbations δR(R, θ,
where l is the mode number, P l the Legendre polynomial of order l, θ the angle between the cylindrical symmetry axis and the radial direction, and R h0 = R h (t = 0) the radius of the hot spot (taken as the location of the minimum density scale-length). However, we have also tested that our linear results are nearly independent both of the exact location and of the radial decay of the initial perturbation. The root mean square (rms) perturbation amplitude corresponding to the above spectrum is
Linear evolution
We have studied linear evolution by performing single-mode simulations with very small initial amplitudes (typically, A l,0 = 10 −3 µm). In the linear stage, single-mode deformations of the Lagrangian mesh have the form δR(R, θ, t) = A(R, t)P l (cos θ). Simulations with an ad hoc model, artificially switching off electron and ion conductivities and fusion reactions, show that in this case acceleration and density gradient scale stay constant during deceleration, and that RTI is classical. Modes are frozen in the fluid, peak at the hot spot outer radius, decay exponentially in radius and grow exponentially in time. The present case, where transport processes and fusion reactions are included and play an important role, is much more complex, since the acceleration varies strongly in time, and ablation is significant. Fluid elements initially in the dense shell are ablated and exit the most unstable region. This results in the evolution of the perturbations shown in figure 4 [9] .
The perturbation at a given Lagrangian location grows approximately exponentially when the fluid element is in the dense region. When the element is ablated we first observe faster growth (related to expansion) and then substantially reduced growth as the element exits the most unstable region. Perturbations then peak inside the hot spot. Note that the amplitude of the perturbation at the hot spot front is different from (and smaller than) the peak amplitude [9] . Due to the time-varying flow, the peak of the perturbation and the amplitude at the hot spot surface grow at a different pace, which leads to two different possible measures of the instability growth rate. A third one, possibly more relevant to the characterization of the hot spot, is related to the perturbation, δ(ρR) h , of the hot spot confinement parameter, (ρR) h . Here deceleration the volume-averaged (l = 0 component) (ρR) h grows proportionally to exp(γ 0 t), with γ 0 = 18 ns −1 , and the perturbation also grows nearly exponentially as δ(ρR) h ∝ exp(γ t). We then define a growth rate as γ = γ − γ 0 . The dispersion relations obtained by using the above three definitions of the growth rate, γ , are presented in figure 5 . They show the same trends (growth smaller than classical, and short-wavelength stabilization), but also quantitative differences. Although quite noisy, the data for the δ(ρR) h /(ρR) h growth rate seem in good agreement with equation (1) including also a discussion of the effects of the various stabilizing terms, will be presented elsewhere.) It is worth noting that DUED simulations of a direct-drive target proposed by CEA show full stabilization for l 60 [20] .
Large-amplitude perturbations and burn degradation
Simulations with large-amplitude perturbations have been performed to study the effect of RTI growth on the formation of the hot spot and the subsequent ignition and burn. Perturbations have been initialized as for the linear study. In an actual imploding target, the assumed perturbations result from feed-through of the ablation front RTI, and from defects in the DT ice layer. The latter also seed Richtmyer-Meshkov instability and cavity oscillations.
Single-mode perturbations
To gain insight into the process, we first performed simulations with single-mode perturbations. An example is shown in figure 6 , referring to a perturbation with spherical mode l = 16. Density maps and ion temperature contours provide evidence of an asymmetric large-bubble, thin-spike evolution. The shell distorts substantially. Note that the hot spot is essentially limited to the spherical fuel region not affected by the RTI spikes. This delays ignition. Once the outward directed burn wave develops, RTI structures do not grow any more, but some of the fuel in the denser spikes is not efficiently burnt. The above features are found in all simulations and are more apparent the larger the initial perturbation. The yield is reduced to 50% of the one-dimensional yield for perturbations with initial amplitude A 16,0 = 7.5 µm and σ rms = 1.31 µm (see below).
Multi-mode perturbations
Multi-mode perturbations mimic actual perturbations more realistically, and allow the investigation of the rich physics concerning nonlinear mode coupling, mode competition, etc. We have performed simulations with a few different spectra, and different amplitudes for each spectrum. While in the near future we plan to run simulations including all linearly unstable modes, at the moment we have studied cases with l in the range 4-72. An example simulation is shown in figure 7 . It refers to a spectrum with all even modes in the range l = 4-72, with white noise spectrum. (This certainly differs from the perturbation spectrum of a coasting shell, but it is useful for qualitative analysis of nonlinear interactions.) The simulation shows mode interaction and the formation of a highly distorted shell-gas interface. Whilst we still have to perform detailed modal analysis, a few general features are already apparent. The figures (and even more the movies generated from the simulation) show the persistence of small-scale structures. This indicates that we are still far from a real mixing regime; it could support the use of models considering the evolution of individual bubbles still in the (weakly) nonlinear regime [16] . Second, we see that the hot spot size is limited by the RTI spikes. However, once the fuel ignites, RTI structures are first smashed by the outward propagating shock and burn wave and then washed out (with possible exceptions for thick spikes). A few general results are summarized in figure 8 . Frame (a) shows the decrease of fusion yield with the initial perturbation rms amplitude. In all considered multi-mode cases the fusion is halved for σ rms (modes with smaller l are weakly affected by RTI) we see (frame (b)) that the 50% degradation threshold decreases to σ rms 1-1.5 µm. These results are qualitatively analogous to those published by several other groups [2, 3, [13] [14] [15] 21] . Frames (c) and (d) show that decreased yield for increased initial perturbation is associated with delayed ignition, lower fusion power, and longer (but less effective) burn. The effect of increased initial perturbation on hot spot formation is made apparent by figure 9 , showing that the larger the RTI deformed region is, the smaller is the central hot spot.
Conclusions
In this paper we have discussed several aspects of the dp-RTI of ICF shells. Regarding the linear evolution, we have confirmed ablative stabilization [5, 9] and discussed different measures of the linear growth that can be relevant to ICF target design. The accuracy, and the relevance, of fitting formulae are still to be fully assessed. Our first nonlinear studies clearly show the relation between RTI-generated deformations and hot spot contraction, and then ignition and burn degradation. For the near future we plan a systematic analysis aiming at a detailed comparison with models used by target designers, such as Haan's saturation criterion [16] , Haan's model for weakly nonlinear evolution [22] , etc.
For an appraisal of the present results one should be aware that while the present code model is numerically highly accurate and includes at least the same physics as that used in [5] , it is still quite simple, neglecting radiative transfer and using single-group alpha-particle diffusion. Simulations with multi-group radiative diffusion and multi-group alpha-particle diffusion are planned for the near future.
